[1] Farges and Blanc (2010) reported inverted-chirp infrasonic signals with high frequencies arriving before low frequencies, possibly emitted by sprite discharges and observed on the ground at close range (<100 km) from the source. In the present work a parallel version of a 2-D FDTD model of infrasound propagation in a realistic atmosphere is applied to demonstrate that the observed morphology of infrasound signals is consistent with general scaling of diameters of sprite streamers inversely proportionally to the air density. The smaller structures at lower altitudes radiate higher infrasonic frequencies that arrive first at the observational point on the ground, while the low frequency components are delayed because they originate at lower air densities at higher altitudes. The results demonstrate that strong absorption of high frequency infrasonic components at high altitudes (i.e., ∼0.2 dB/km for 8 Hz at 70 km) may also contribute to formation of inverted-chirp signals observed on the ground at close range. Citation: de Larquier, S., and V. P. Pasko (2010), Mechanism of inverted-chirp infrasonic radiation from sprites, Geophys.
Introduction
[2] Atmospheric infrasonic waves are acoustic waves with frequencies ranging from 0.02 to 10 Hz [e.g., Blanc, 1985] . Atmospheric infrasound is generated by a variety of sources, including volcanoes, tornadoes, earthquakes [e.g., Bedard and Georges, 2000] , lightning [e.g., Assink et al., 2008] , and pulsating auroras [e.g., Wilson et al., 2005] . The importance of infrasound studies has been emphasized in the past ten years from the Comprehensive Nuclear Test Ban Treaty (CTBT) verification perspective [e.g., Le Pichon et al., 2009] . Infrasonic signals carry important information about their sources and correct modeling interpretation of observations therefore represents an important task for better understanding of dynamical features and energetics of infrasonic wave sources.
[3] Sprites are short lasting (a few ms) luminous discharges appearing in the altitude range ∼40-90 km above thunderstorms [e.g., Pasko, 2007, and references therein] . Recent telescopic imaging of sprites revealed fine structures in these events with transverse spatial scales ranging from a few tens of meters at lower altitudes, up to a few hundreds of meters at higher altitudes [Gerken and Inan, 2002] .
[4] The possibility of infrasound generation by sprite discharges has been discussed by Bedard et al. [1999] . Specific chirp-like infrasound signatures possibly related to sprite discharges have been identified by Liszka [2004] , and their phenomenology further discussed by Liszka and Hobara [2006] . Farges et al. [2005] reported the first unambiguous infrasound signals generated by sprites from simultaneous observations of infrasound and sprites. Observations reveal that sprites produce chirp-like infrasonic signatures, with low frequencies arriving before high frequencies when observed at a distance of ∼400 km.
[5] More recently, Farges and Blanc [2010] reported observations of close range infrasonic signatures that could be correlated with sprite events. Those events are manifested by arrival of high frequencies before low frequencies (i.e., inverted chirps) in infrasonic signals observed within a 100 km distance from a thunderstorm known to produce sprites. Although no direct video captures of sprites can be related to the infrasound signals because the sprites where out of the camera field of view, inverse ray-tracing suggests high altitude sources between 40 and 90 km, which correspond to typical altitudes of sprites. Furthermore, the lightning activity during time periods when the infrasound signatures were observed is typical of sprite producing storms and some sprites were indeed observed but no infrasonic signal could be related to these events, most likely because the sprites in the captured subset were too small and weak. The measured signals typically have a duration of 1 min and an amplitude between 10 −2 -10 −1 Pa.
[6] The analysis of total energy budget associated with sprite and causative lightning discharges indicates that the observed infrasonic signatures are most likely produced by direct Ohmic heating of air in sprite columns due to a passage of electric current [Pasko and Snively, 2007] . The estimated heating levels in sprite streamers are expected to be small, with temperature changes DT/T ∼ 0.2-2% ]. These estimates are consistent with an accurate analysis of energy budget of sprites by other authors indicating DT ≤ 0.5 K , and information on sprite rotational temperature indicating consistency of observed molecular nitrogen band emissions with rotational temperatures in the range 220-230 K (not exceeding 300 K) [Green et al., 1996; Morrill et al., 1998; Bucsela et al., 2003; Kanmae et al., 2007] . The sprite heating being instantaneous it can be assumed that pressure perturbation directly relates to temperature perturbation and a 1°K increase in temperature at 70 km altitude would translate in a 0.032 Pa. Accounting for the scaling of pressure perturbation with radial distance for a cylindrical radiator with 100 m transverse extent, the pressure perturbation expected on the ground at 60 km horizontal distance from the source would be 0.12 Pa, which matches observations by Farges and Blanc [2010] .
[7] The goal of the present paper is to undertake FDTD modeling of inverted-chirp infrasound signals from sprites observed at close range (<100 km) and propose a specific mechanism explaining their occurrence.
Model Formulation
[8] The model employed in the present study utilizes linearized equations of acoustics with classical viscosity and atmospheric gravitational stratification effects to solve for perturbation in density, pressure and velocity [e.g., Pasko, 2009] . The attenuation of infrasonic waves in a realistic atmosphere is described using a model of Sutherland and Bass [2004] and is implemented in the model equations using a decomposition technique summarized by de GrootHedlin [9] The model equations are implemented in a twodimensional (2-D) axisymmetric simulation domain using a second order in time and space FDTD scheme . A parallel version of the 2-D model is implemented using a domain decomposition strategy allowing for higher computational speed and more importantly memory distribution [e.g., Gropp et al., 1999] . The left boundary of the simulation domain is the axis of cylindrical symmetry, and the ground is represented as a hard perfectly reflecting boundary [e.g, Sparrow and Raspet, 1991] . The top and right boundaries support outgoing waves with no reflections using a nearly perfectly matched layer (NPML) similar to the one introduced in electromagnetics [Cummer, 2003] .
[10] Results from Farges and Blanc [2010] suggest that the infrasound signal is strongly related to the sprite vertical extent. Remembering that the absorption increases with altitude and is proportional to the square of frequency [e.g., Sutherland and Bass, 2004; de Groot-Hedlin, 2008] , it can be hypothesized that absorption scaling through the sprite vertical extent is at least partly responsible for the observed infrasonic signal. Specifically, we expect that the signal arriving from higher altitudes would naturally have a depleted high frequency content. Also, geometrical considerations indicate that such a signal would arrive to an observer positioned several tens of kilometers horizontal distance from the sprite with some delay with respect to the signal emitted from the lower portions of the sprite.
[11] Additionally, observations of Gerken and Inan [2003] and streamer simulation results [e.g., Liu and Pasko, 2004] show that streamers radii increase with altitude. Overall trend of streamers scaling is expected to proceed inversely proportionally to ambient neutral density in the atmosphere [e.g., Liu and Pasko, 2004] . This alone would lead to a factor of 600 wider streamers at 90 km in comparison with streamers at 45 km. Streamers in sprites, however, accelerate, expand and branch and particular diameters realized at specific altitudes depend on geometry of applied reduced electric field and history of sprite initiation and development [Liu et al., 2009] . Based on observational evidence [e.g., Gerken and Inan, 2003] it can be assumed for quantitative estimates that low altitude streamers in sprites would have [Sutherland and Bass, 2004] , this suggests dominant infrasonic frequencies f ' c s /d s of ≥8 Hz for the lower part of the sprite and ≤1 Hz for the upper part of the sprite, assuming that pressure perturbation in streamer columns (i.e., due to heating) forms on time scales t s d s /c s .
[12] A simplified model geometry that would approximately reproduce infrasound generation from a sprite based on altitude scalings discussed above is shown in Figure 1 . A sprite is represented by a series of isotropic sources, each radiating a specific frequency content that varies from high to low frequencies with increase in altitude. The sources operate to generate pressure waves for a given time duration effectively corresponding to the travel time of an infrasonic wave through the horizontal width of the sprite. The configuration of the sources therefore allows to effectively reproduce effects of vertical and horizontal extent of the sprite.
Results
[13] The effect of the altitude scaling of absorption on the frequency content of the sprite is first illustrated. In order to accelerate computations, the present study employs a model set up with vertical and horizontal grid resolution of 20 m, allowing to accurately model frequencies f ≤ 1 Hz. The absorption is artificially increased so that the maximum frequency represented (1 Hz) is attenuated as much as a frequency of 5 Hz would be attenuated under standard atmospheric conditions. The multiplication factor of the absorption coefficient is determined using the quadratic dependency of absorption on frequency [e.g., Sutherland and Bass, 2004] , which yields a factor of 25. Figure 2 shows the results from the modeling of two sources positioned at altitudes 45 and 90 km each radiating both 0.1 Hz and 1 Hz equal magnitude signals.
[14] We next illustrate the effect of the sprite frequency content assuming the frequency range 0.1-0.9 Hz. The effects of absorption are not included in this part. Each one of the 15 sources composing the modeled sprite is assumed to radiate for 40 s to account for the large number of streamers within the horizontal extent of the sprite (i.e., this artificial duration of the radiation effectively represent a sprite with 12 km transverse extent assuming c s ∼ 300 m/s). The frequency distribution is set to vary linearly with altitude, from high to low frequencies. Figure 3a Figures 3b and 3c . The same simulation is repeated using a second and fourth order variation of frequency as a function of altitude such as f = (0.1 − 0.9)(z − 45) n /45 n + 0.9 for 45 km ≤ z ≤ 90 km, where z is the altitude in km and n is the order of the frequency variation. The dynamic spectrograms 
Discussion
[15] It has been mentioned previously that modeling results [Liu and Pasko, 2004] suggest streamer radius of a few tens of meters at 70 km altitude. Given a speed of sound of ∼290 m/s at this altitude, it is expected that frequencies up to 8 Hz would be generated. However, the absorption of an 8 Hz acoustic wave at 70 km altitude is ∼0.2 dB/km [e.g., Sutherland and Bass, 2004] , suggesting that such a wave would be mostly absorbed before reaching the ground. Figure 2 evidences that the high frequencies generated at high altitudes are mostly absorbed and consequently not observed on the ground. The first signal received between ∼250-330 s is generated by the lower source at 45 km altitude and the second signal is generated by the upper source at 90 km. Figure 2b clearly shows that the second signal is mostly depleted of its high frequency content. As a result, the high frequencies generated in the upper part of the sprite are most likely to dissipate before reaching the ground. This effect, leading to arrival of only low frequencies at the end of the sprite generated waveform may contribute to the formation of inverted-chirp signals observed on the ground at close range [Farges and Blanc, 2010] .
[16] The scaling of transverse dimension of streamers with altitude is expected to be a factor responsible for the frequency content of the sprite and consequently the observed inverted chirp. Results presented in Figure 3c show a linear inverted chirp on the dynamic spectrogram effectively mapping the altitude frequency distribution in the modeled sprite. It should be noted that while the frequency content and time extent of the inverted chirp are not exactly those observed by Farges and Blanc [2010] , the results still demonstrate the effect of the propagation and observation of infrasound from a source with the same qualitative dynamics as a sprite. Specifically, the duration of the chirp signal reported in Figure 3c exceeds that reported experimentally (∼1 min). This can be directly attributed to smaller vertical and horizontal extensions of sprite in experimental situation as compared to the parameters used in modeling.
[17] The shape of the inverted-chirp in Figure 3c is directly correlated with the linear frequency distribution through the sprite vertical extent. To demonstrate this relation, the modeled sprite used in Figure 3 is modified using two different altitude frequency distributions in which the frequency drops as a second and fourth order functions of altitude. Figure 4 shows that the dynamic spectrum of the pressure perturbation observed on the ground again maps well the frequency distribution as a function of altitude in the modeled sprite. This result shows that infrasound observed at close range from sprites can be used to remote sense predominant physical dimensions of radiators (i.e., streamers) in sprites responsible for infrasonic emissions.
[18] Modeling results presented in this work suggest that in specific experiments both the scaling of absorption with frequency and altitude, and the scaling of transverse dimension of filamentary structures (streamers) in sprites as a function of altitude may contribute to the observed inverted-chirp signal.
[19] The scaling of absorption in the atmosphere has also been suggested to be responsible for the chirp signals observed at long range from sprites (∼400 km). Farges et al. [2005] proposed that the infrasound signal coming from the nearest side of the sprite (relatively to the observer) reflects at higher altitude, has reduced high-frequency content due to strong absorption at high altitudes, and arrives first at the observation point. The infrasound signal generated from the farthest side of the sprite reflects at lower altitude, has enhanced high-frequency content, and arrives second at the observation point. Ray tracing results obtained with HAR-PA [e.g., Jones, 1996] confirm the results presented by Farges et al. [2005] , showing that the waves following a ground-thermosphere-ground path were responsible for the strongest infrasound arrival at 400 km from the sprite. Preliminary FDTD results [de Larquier, 2010] show an additional signal of similar amplitude generated by a thermosphere-ground path. This signal precedes the groundthermosphere-ground signal by ∼300 s. Those additional signatures have not yet been detected in experiments (T. Farges, private communication, 2010) .
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